Although adenovirus (Ad) exhibits tropism for epithelial cells, little is known about the cellular effects of adenoviral binding and internalization on epithelial functions. Here, we examine its effects on the secretory acinar epithelial cells of the lacrimal gland, responsible for stimulated release of tear proteins into ocular fluid. Exposure of reconstituted rabbit lacrimal acini to replication-defective Ad for 16-18 h under conditions that resulted in 480% transduction efficiency did not alter cytoskeletal filament or biosynthetic/endosomal membrane compartment organization. Transduction specifically altered the organization of the stimulated secretory pathway, eliciting major dispersal of rab3D immunofluorescence from apical stores normally associated with mature secretory vesicles. Biochemical studies revealed that this dispersal was not associated with altered rab3D expression nor its release from cellular membranes. Ultraviolet (UV)-inactivated Ad elicited similar dispersal of rab3D immunofluorescence. In acini exposed to replication-defective or UVinactivated Ad, carbachol-stimulated release of bulk protein and b-hexosaminidase were significantly (Pp0.05) inhibited to an extent proportional to the loss of rab3D-enriched mature secretory vesicles associated with these treatments. We propose that the altered secretory compartment organization and function caused by Ad reflects changes in the normal maturation of secretory vesicles, and that these changes are caused by exposure to the Ad capsid.
Introduction
Ocular gene therapy in the anterior segment of the eye has received considerable interest for applications such as enhancement of corneal wound healing associated with excimer laser photorefractive keratectomy, 1 enhancement of conjunctival wound healing associated with pemphigoid, trachoma and glaucoma filtration, 1 correction of allograft rejection after corneal transplantation 2 and suppression of lacrimal gland autoimmunity associated with Sjögren's syndrome. 3 Adenovirus (Ad) vectors, leading candidates for gene therapy to the anterior portion of the eye, do not require cycling of the target cell for gene transfer, and are renowned for mediating gene transfer to nondividing cells, particularly mucosal epithelial cells, with high efficiency. [4] [5] [6] On the other hand, Ad is intrinsically a lytic virus and is well known to express proteins that effect alterations in a wide variety of cellular processes, including host cell cycle, protein synthesis and survival. Even the conventional E1-, E3-deleted Ad vectors in current use have been reported to express adenoviral coding sequences at a level sufficient to elicit a robust Class I immune response against transduced cells in vivo, exhibit cytotoxicity at high doses, and have been responsible for the only reported instance of a fatality associated with a clinical gene therapy trial to date. [7] [8] [9] [10] [11] [12] [13] A particularly attractive feature of the eye within the context of Ad-mediated gene therapy is its relatively 'immuneprivileged' status, although some examples of immunogenicity associated with Ad-mediated ocular gene therapy have been reported. 12, 13 Although the potential for therapeutic gene transfer by replication-deficient Ad has resulted in extensive investigations of its toxicity and immunogenicity, less information is available on the cellular effects associated with Ad binding, internalization and trafficking to the nucleus, particularly in epithelial cells that represent normal targets for Ad infection. In addition to the use of Ad-based viral vectors, such information is relevant to feasibility and safety studies for next-generation gene therapy vectors, which attempt to overcome issues associated with viral immunogenicity and toxicity by incorporating Ad capsid proteins into nonviral gene delivery systems.
14 Analysis of the cellular effects of Ad internalization in host cells also represents an alternative approach to elucidating virus-host interactions and to designing new therapeutic approaches to prevent Adinduced pathology. Within the context of ocular gene therapy with Ad and Ad-derived vectors, it is of paramount importance to understand their effects in cell types responsible for ocular homeostasis.
The acinar epithelial cells of the lacrimal gland are secretory epithelial cells, responsible for the production and release (basal and secretagogue-stimulated) of a variety of tear proteins (eg, antibodies, lysosomal hydrolases, growth factors and lactoferrin) into ocular fluid. [15] [16] [17] The production and release of tear fluid of appropriate composition is essential for maintaining corneal and conjunctival integrity, protecting against infection and preserving visual acuity. Deficiencies or changes in tear fluid abundance or composition may lead to corneal dessication and ulceration, corneal or conjunctival infection and, in severe cases, blindness. Diseases characterized by major deficits in lacrimal gland function range in severity from keratoconjunctivitis sicca (dry eye) to the autoimmune disease, Sjö gren's syndrome. 18, 19 As well, the dryness associated with decreased corneal sensation and concomitant reduction in tear flow following refractive surgery can complicate corneal recovery. 20 Since preservation of tear production and release is essential for ocular health, we questioned whether exposure to Ad would alter the functioning of this essential gland. As an initial step toward this goal, we investigated the effect of replication-defective adenovirus serotype 5 (Ad5) containing either green fluorescent protein (GFP) or b-galactosidase (LacZ) on the organization and function of the lacrimal acinar secretory pathway in reconstituted acinus-like structures formed in vitro from acinar cells from rabbit lacrimal gland. [21] [22] [23] At conditions associated with high-efficiency transduction (480%), Ad elicited specific changes in the organization and function of the stimulated secretory pathway, changes that could be largely recapitulated by ultraviolet light (UV)-inactivated Ad. These findings suggest that ocular gene therapy utilizing Ad or Adderived products may alter secretory membrane-trafficking functions in epithelial cells of the ocular surface.
Results

Ad-mediated gene transfer into lacrimal acinar epithelial cells
Previous studies have defined conditions for culture of isolated rabbit lacrimal acini such that the acinar cells reassociate into acinus-like structures exhibiting central lumena. Individual cells within these structures display distinct apical and basal-lateral domains, a polarized cytoskeleton, secretory vesicles and also release protein stores in response to secretagogues. 21, 23 To determine the transduction efficiency of the recombinant Ad vectors, acinar cells were analyzed by fluorescence-activated cell sorting (FACS). The addition of Ad 5-containing green fluorescent protein (Ad-GFP) to reconstituted acini over a range of multiplicity of infections (MOIs) demonstrated that exposure at an MOI of 5 for 16-18 h resulted in high transduction efficiency. FACS analysis showed that 80.176.1% (n ¼ 4) of Ad-GFP-transduced cells were GFP positive, whereas non-transduced cells yielded little to no fluorescence in the emission channel associated with GFP fluorescence (0.570.2%) (Figure 1a) . These results were confirmed by fluorescence and phase microscopy of Ad-GFP-and Ad5-containing b-galactosidase (Ad-LacZ)-transduced acini, respectively ( Figure  1b) . Although Ad exposure elicited some loss of cells, the viability of the remaining cells on the plate assessed from Trypan blue exclusion was only modestly reduced relative to non-transduced acini (79% for Ad-LacZ and 86% for Ad-GFP, n ¼ 4).
Ad transduction does not alter cytoskeleton or biosynthetic/endosomal membrane organization Actin filaments in lacrimal acini are highly enriched in apical/lumenal regions (indicated by *). As shown by the confocal fluorescence microscopy images in Figure 2a , the enrichment of actin filaments beneath the apical membrane relative to the basolateral membrane was comparable in acini with and without transduction with Ad-GFP. Likewise, the confocal fluorescence microscopy Figure 1 Ad-mediated high-efficiency gene transfer into primary rabbit lacrimal acini. (a) FACS analysis of nontransduced (control) and Ad-GFPtransduced acinar cells. Flow cytometric analysis was performed on a FACScant using the FL1 channel to quantitate GFP-expressing cells. The indicated gate is calibrated for GFP-positive events, which deviate more toward the green fluorescence (FL1) channel (x-axis) and away from the red (FL2) channel (y-axis). (b) After transduction as described in Materials and methods, primary rabbit lacrimal acini were fixed and processed for the detection of reporter genes. For analysis of GFP content, nontransduced (control) and Ad-GFP-transduced acini were imaged by fluorescence microscopy (left column). For analysis of b-galactosidase expression, nontransduced (control) and Ad-LacZ-transduced acini were imaged by phase microscopy after staining with X-gal. The dark color in the phase images indicates b-galactosidase expression. Bar, B20 mm.
Ad modulates epithelial secretory functions Y Wang et al images in Figure 2b showed that the anchorage of individual microtubules (MTs) beneath the apical plasma membrane and extension toward the basolateral plasma membrane was comparable in acini with and without transduction with Ad-GFP. The organization of the underlying cytoskeleton, a fundamental determinant of cell polarity, therefore appears unaffected by Ad transduction.
The accurate segregation of secretory proteins within the Golgi apparatus plays a fundamental role in the establishment of cell polarity and in secretory vesicle formation and maturation in acinar epithelial cells. We probed the organization of the Golgi apparatus in lacrimal acini, using g-adaptin immunofluorescence to delineate Golgi membranes. 24 As shown in Figure 2c , g-adaptin immunofluorescence (red) in untransduced lacrimal acini is detected in punctate spots often arrayed in a semicircular conformation, consistent with the perinuclear organization of Golgi stacks. No changes in Golgi organization were detected in acini transduced with Ad-GFP. A similar lack of effect was seen when we evaluated the effects of Ad transduction on the distributions of rab6, rab11, rab4 and polymeric immunoglobulin A receptor (pIgAR) -trans-Golgi network, endosomal, endosomal and transcytotic markers, respectively (data not shown).
Ad transduction selectively alters the organization of the stimulated secretory pathway Rab3D is the principal isoform of the rab3 family of small GTPases associated with the large pool of mature secretory vesicles beneath the apical plasma membrane in lacrimal gland as well as pancreas and parotid gland. [25] [26] [27] Stimulation of lacrimal acini causes the loss of subapical rab3D concomitant with the fusion of mature secretory vesicles with the apical plasma membrane. 27 As shown in the triply-labeled nontransduced and Ad-GFP transduced lacrimal acini in Figure 3 , rab3D (red) in resting, nontransduced acini is enriched in the subapical cytoplasm beneath the actin-enriched (blue) apical plasma membrane surrounding the lumen (*) in association with large (1-3 mm) vesicular structures (arrows). Transduction with Ad-GFP (green) caused a striking change in rab3D immunofluorescence, with labeling dispersed throughout the cytoplasm (arrowheads) in GFP-labeled acini rather than beneath the apical plasma membrane. Figure 2 Primary rabbit lacrimal acini transduced with Ad retain normal cytoskeletal and biosynthetic membrane organization. Nontransduced (control) and transduced (Ad-GFP) rabbit lacrimal acini were fixed and processed for the detection of (a) actin filaments (red), (b) MTs (red) or (c) Golgi apparatus (red, labeled with g-adaptin antibody). GFP fluorescence is shown in green in all panels. A region of interest (box) in the lower magnification images in (a and b) was enlarged and presented to resolve details of the organization of cytoskeletal filaments. Bars in all panels, 10 mm; *, apical/lumenal region; arrows, individual MTs extending from a subapical organizing center; arrowheads, characteristic perinuclear Golgi apparatus organization. Figure 3 Apical enrichment of rab3D is dispersed by Ad-GFP transduction of rabbit lacrimal acini. Representative images of nontransduced (control) and transduced (Ad-GFP) rabbit lacrimal acini fixed and processed using appropriate primary and secondary antibodies and affinity label for the detection of actin (blue), rab3D (red) and GFP (green). Arrow, accumulation of secretory vesicles enriched in rab3D beneath the apical plasma membrane; arrowheads, dispersed rab3D fluorescence in the cytoplasm of transduced cell; bar, 10 mm; *, apical/lumenal region.
Ad modulates epithelial secretory functions Y Wang et al
We quantified this apparent change in cellular localization of rab3D from a predominantly apical to a dispersed distribution across multiple randomly selected lumena from nontransduced (control) and transduced lacrimal acini. The transduction efficiencies of Ad-GFP and Ad-LacZ were comparably high (480%) such that most acini organized around lumena were transduced (Figure 1b) . Since we were not selecting single images but scoring of hundreds of images, we simplified these experiments to use dual rather than triple labeling. Figure 4a shows representative images of rab3D labeling in control acini and acini transduced with Ad-LacZ, showing the characteristic dispersal of the normally apical rab3D (green) immunofluorescence labeling pattern previously seen in the Ad-GFP-transduced acini in Figure 3 . We identified three distinct patterns for rab3D accumulation in lacrimal acini: an apical distribution with the majority of label localized in the apical-most quadrant of the cell in all cells organized around the lumen; a half-apical distribution with the majority of label localized in the apical-most quadrant of at least half of the cells organized around the lumen; a dispersed distribution with the majority of label distributed randomly throughout the cytoplasm in cells organized around the lumen. These patterns are indicated schematically in Figure 4b , which also shows quantitative results from visual scoring of the rab3D labeling pattern in single sections of reconstituted acini optimized for maximal resolution of lumenal actin. Percentage values in each category were obtained by visual quantitation of the morphology of labeling in Control (404 lumena) and Ad-LacZ-treated (392 lumena) acini from three to four preparations. Analysis of lumena in control acini showed that 81% of lacrimal acini retained rab3D in either an entirely apical (44%) or half-apical (37%) distribution. In contrast, in lumena in Ad-LacZ-transduced acini, only 55% of lacrimal acini retained rab3D in an apical distribution; remarkably, only 17% of these acini exhibited an entirely apical rab3D distribution.
We also quantified apical versus dispersed rab3D labeling in z-plane sections from multiple nontransduced (control) and Ad-LacZ-transduced acini using digital image analysis. Simply, the pixel intensity associated with total, apical and dispersed rab3D fluorescence was calculated in z-plane sections, and values from sections acquired at 1-1.5 mm intervals within an acinus were pooled, before final calculation of apical/dispersed (A/D) ratios. Ad does not alter rab3D expression or partitioning with membranes. To determine whether Ad altered the expression of rab3D, we measured rab3D content in cell lysates. As shown in Figure 4d and e, rab3D content was unaffected by Ad transduction as evidenced by Western blotting with our monospecific polyclonal antibody ( Figure 4c ). We also investigated whether the partitioning of rab3D between membrane compartments and cytosol was affected by Ad ( Figure 6 ). Marker proteins, pIgAR and a-tubulin, were used to confirm the integrity of the isolated soluble and membrane fractions from Control (nontransduced) and Ad-LacZ-transduced acini. As expected, most transmembrane pIgAR detected in control cell lysates was associated with membrane o only shows control acini labeled with rhodamine-phalloidin and FITC-conjugated secondary antibody alone and acquired at comparable contrast/gain settings, revealing an absence of background staining. Arrows, accumulation of subapical secretory vesicles enriched in rab3D; bar, 10 mm; *, apical/lumenal region. (b). Visual scoring of rab3D labeling in nontransduced and Ad-LacZtransduced acini at defined lumenal regions in single confocal sections optimized for the resolution of lumenal actin into three categories: apical, majority of label localized in apical-most quadrant of the cell in all cells organized around the lumen; half-apical, majority of label localized in the apical-most quadrant of at least half of the cells organized around the lumen; dispersed, majority of label distributed randomly throughout the cytoplasm in cells organized around the lumen. rab3D content was scored in 392 and 404 lumenal regions in Ad-LacZ-treated and control acini, respectively, from three to four separate preparations. (c) Western blot of rabbit lacrimal acinar cell lysate (50 mg protein/lane). The left lane, labeled 'Anti-rab3D' was blotted with a rabbit polyclonal antibody to rab3D and a goat anti-rabbit secondary antibody conjugated to IRDyet800, while the right lane, labeled '21 only' was blotted with secondary antibody alone. (d) Representative Western blot of rab3D content of lysates from nontransduced (control) or transduced (Ad-LacZ or Ad-GFP) rabbit lacrimal acini resolved by 7.5% SDS-PAGE before transfer to nitrocellulose and development with appropriate primary and secondary antibodies. (e) Quantitation of rab3D signal intensity per equivalent protein content, n ¼ 4.
Ad modulates epithelial secretory functions Y Wang et al fractions, while most tubulin detected in control cell lysates was associated with soluble fractions. Most rab3D in control cell lysates was also associated with membrane fractions, consistent with the punctate vesicular labeling pattern detected by confocal fluorescence microscopy ( Figures 3-5 ). As expected, Ad-LacZ transduction had no change on the partitioning of a-tubulin and pIgAR; however, Ad-LacZ also had no effect on the partitioning of rab3D between soluble and membrane phases.
Dispersal of apical rab3D is not due to changes in cellular signaling. Vesicle-associated membrane protein 2 (VAMP2) is a SNARE protein associated with secretory vesicles in lacrimal gland as well as pancreas, parotid gland and submandibular gland. 27, 28 In lacrimal gland, rapid transport of VAMP2-enriched membranes into the subapical cytoplasm following carbachol (CCH) stimulation occurs along MTs and is driven by the MTbased motor protein, cytoplasmic dynein; 27 VAMP2 and elements of the dynein complex such as dynein intermediate chain and p150 Glued , a dynein effector, are normally colocalized in the subapical cytoplasm of CCH-stimulated acini. We examined the distributions of VAMP2 and cytoplasmic dynein in nontransduced and transduced acini. The redistribution and colocalization of these proteins in response to CCH was unaffected by Ad transduction (data not shown), indicating that the signaling pathways responsible for the recruitment of secretory membranes to the apical surface remain intact.
Ad transduction does not decrease protein synthesis.
Changes in rab3D-enriched secretory vesicle content associated with Ad transduction might be due to reduced protein synthesis, leading to decreased availability of secretory proteins for packaging into vesicles. To determine whether protein synthesis was affected, transduced and nontransduced rabbit lacrimal acini were labeled with [ 35 S]Translabel. As shown in Figure  7 , the incorporation of UV-inactivated Ad diminishes rab3D-enriched secretory vesicles. We considered two explanations for the effects of Ad on rab3D-enriched secretory vesicles. Exposure to the Ad capsid proteins, which mediate virus internalization through interaction with elements of the host trafficking machinery, might alter other trafficking/sorting effects required for appropriate secretory vesicle formation, maturation or retention in the infected acini. Alternatively, although the Ad is replication defective, leaky transcription of some viral genes might persist, with these gene products able to modulate secretory vesicle formation, maturation or retention. To test the latter hypothesis, we exposed replicationdefective Ad to UV light in the presence of 8-methoxypsoralen. This process has previously been shown to render the virus genome transcriptionally inactive. 29, 30 We processed Ad-LacZ and Ad-GFP in the absence of 8-methoxypsoralen/UV light and used these constructs in parallel (mock Ad-LacZ or mock Ad-GFP) to control for any effects of dilution and purification on viral titer. As shown in Figure 8a , the high transduction efficiency seen for Ad-LacZ in Figure 1 was retained for mocktreated Ad-LacZ. However, o10% of cells expressed bgalactosidase when exposed to equivalent amounts of UV Ad-LacZ, consistent with successful UV inactivation of virus. Comparable findings were obtained for mock Ad-GFP and UV Ad-GFP (Figure 9 ).
When the effects of UV Ad-LacZ were assessed on rab3D-enriched mature secretory vesicles, we detected a marked redistribution of their normally apical immunofluorescence relative to controls, although this dispersal was not as complete as that elicited by mock-treated AdLacZ (Figure 8a) . Percentage values for apical, half-apical and dispersed lumenal rab3D labeling (defined in Figure  4 ) were obtained by visual quantitation of the morphology of labeling in control (231 lumena), mock AdLacZ-treated (191 lumena) and UV Ad-LacZ-treated Ad exposure results in the inhibition of CCH-stimulated secretion. The consequences of the redistribution of rab3D-enriched secretory vesicles caused by replicationdefective or UV-inactivated Ad to lacrimal acinar secretory functions was investigated. Figure 9 shows the effects of mock-treated Ad-GFP and UV Ad-GFP on the basal and CCH-stimulated release of the secretory protein, b-hexosaminidase and on total protein. Mock Ad-GFP and UV Ad-GFP significantly inhibited the CCH-stimulated release of b-hexosaminidase and protein, while not significantly affecting the basal release of these products. The magnitude of the inhibition of CCHstimulated b-hexosaminidase release was comparable for UV Ad-GFP and mock Ad-GFP, but the magnitude of inhibition of CCH-stimulated protein release was significantly less for UV Ad-GFP relative to mock Ad-GFP.
Discussion
Recombinant Ad vectors can efficiently transfer and express genes in a wide variety of cells including those comprising ocular tissues. [1] [2] [3] [31] [32] [33] In this study, we have assessed the consequences of replication-defective and UV-inactivated Ad on secretory compartment organization and function in the acinar epithelial cells of the lacrimal gland. Exposure of lacrimal acini to replicationdefective Ad constructs at an MOI of 5 for 16-18 h Ad modulates epithelial secretory functions Y Wang et al elicited a marked dispersal of rab3D from its normally apical enrichment (Figures 3-5) , a change independent of altered rab3D expression (Figure 4 ) or membrane association ( Figure 6 ). This dispersal of apical rab3D occurred independently of effects on the cytoskeleton or other membrane compartments (Figure 2 ) or decreased protein synthesis (Figure 7) . Transduction with replication-defective Ad caused a significant decrease in the CCH-stimulated release of protein and the secretory product, b-hexosaminidase ( Figure 9 ). Exposure of lacrimal acini to UV-inactivated Ad also depleted rab3D-enriched secretory vesicles in parallel with the inhibition of CCH-stimulated release of protein and bhexosaminidase (Figures 8 and 9 ), although the extent of the dispersal and inhibition, respectively, by UV-inactivated virus was slightly less than that caused by mock UV-inactivated Ad.
We propose that the Ad-induced dispersal of rab3D-enriched secretory vesicles is responsible for the reduction in CCH-stimulated secretion in our in vitro studies. Essentially, if fewer fusion-competent vesicles are available for release in response to CCH, then the amount of secretory protein released is decreased. We further suggest that the primary source of these inhibitory effects on secretory functions is the Ad capsid, since UVinactivated Ad elicited comparable effects. As the The effects of Ad in this study were elicited by a fairly prolonged exposure to replication-defective or UVinactivated Ad for 16-18 h. Exposure of lacrimal acini to replication-defective Ad-LacZ for only 4 h at an MOI of 5, a treatment which also resulted in B80% transduction efficiency, also caused a 50% reduction in apical rab3D labeling, 27 although this change was less than the 75-85% reduction elicited by the longer exposure to Ad constructs in this study (Figures 4 and 8) . The effects on acinar secretory functions may therefore increase as the duration of exposure to the Ad capsid lengthens.
How might Ad transduction alter lacrimal acinar rab3D-enriched secretory vesicle maturation or exocytosis? Rab3D is a member of the rab family of small GTP binding proteins that participate in membrane trafficking in eukaryotic cells. 34 The GTP-bound forms of these proteins are membrane associated, with GTP hydrolysis promoting release of the GDP-bound rab from the membrane cargo. The cycle of GTP binding, GTP hydrolysis and release/exchange of GDP for GTP is tightly regulated by a number of different proteins, specific for the individual rabs. GTP-bound rabs are thought to recognize their designated membrane cargo by association with specific extrinsic or transmembrane cargo proteins, with GTP hydrolysis concomitant with docking of donor and acceptor membranes. The observation that 490% of total rab3D in Ad-treated acini remains associated with the membrane pool of unstimulated acini ( Figure 6 ) suggests that those features that regulate rab3D membrane binding and maintenance of its GTP-bound state are unaffected by Ad. Trafficking factors participating in the maturation of rab3D-associated membranes from the trans-Golgi network into mature secretory vesicles represent likelier targets of Ad modulation. Two specific proteins known to participate in secretory vesicle maturation represent viable targets for modulation by Ad: cytoplasmic dynein and clathrin-associated adaptors.
Ad internalization in most cells is thought to involve binding to the ubiquitous coxsackievirus and Ad receptor on the target cell surface via the fiber capsid protein;
4,35 the penton capsid protein then triggers viral endocytosis via ligation and clustering of a v integrins, 4, 36 an event involving the activation of a host of signaling pathways including those mediated by Rac and Cdc42. [37] [38] [39] Once in endosomes, Ad undergoes endosomolysis, allowing capsid proteins to interact with cytosolic factors. Ad capsid proteins are known to interact with MTs and cytoplasmic dynein during transit to the nucleus. 40, 41 We have previously shown that inhibition of cytoplasmic dynein activity in lacrimal acini severely impairs the formation of rab3D-enriched secretory vesicles. 27 However, direct dynein inhibition also prevents the recruitment of VAMP2-enriched secretory transport vesicles to the apical membrane in response to CCH, while this response is unaffected by Ad (data not shown), suggesting that some dynein-mediated traffic to the apical membrane can proceed normally in Ad-treated acini. Changes in the recruitment of other trafficking proteins such as adapter proteins and clathrin by Ad may also impair secretory vesicle formation. It is of interest to note that the penton proteins in the Ad capsid contain a consensus endosomal sorting motif, the dileucine (LL) motif. Proteins that interact with the LL motif include clathrin-associated adapter proteins, 42, 43 effectors required for normal secretory vesicle maturation in some specialized secretory cells. 44 Findings that the HIV Nef protein utilizes this same motif to recruit clathrin-associated adapters suggest that this motif in other viral proteins is functional. 45, 46 Future experiments will specifically probe the consequences of Ad and Ad capsid exposure to these trafficking pathways in acinar epithelial cells, as well as test other scenarios for mechanisms of Ad modulation of secretion including chronic changes in the signaling environment or inability to retain mature secretory vesicles.
By using either replication-incompetent or UV-inactivated virus, we show for the first time here that the incoming Ad capsid alters epithelial secretory pathways. The success of Ad-mediated gene delivery in various systems has prompted the design of a number of next generation nonviral gene delivery vehicles largely based on the use of Ad capsid proteins, 14, 47, 48 many of which could elicit comparable changes in epithelial secretory functions. Clearly, further studies are in order to determine whether these effects of the Ad capsid also extend to other types of epithelial cells in addition to the secretory epithelia evaluated here. Adeno-associated virus (AAV) has also been extensively considered as an alternative to Ad-mediated gene therapy, largely due to its considerably decreased immunogenicity. 13 Recent findings suggest that AAV utilizes mechanisms comparable to Ad5 to enter host cells, including receptormediated endocytosis through a v integrin binding, and MT-based trafficking within the endosomal pathway. 49 These findings suggest some shared interactions between Ad and AAV capsid proteins and host cells, leading to the possibility that AAV capsid proteins may likewise influence epithelial secretory functions.
It should be further mentioned that, although Ad 8, 19 and 37 are the most common Ad serotypes implicated in the highly contagious and largely untreatable epidemic keratoconjunctivitis, a total of 19 different Ad serotypes have been implicated cases of sporadic and epidemic keratoconjunctivitis. [50] [51] [52] Little is known about the conservation of cellular entry mechanisms between Ad serotypes. If capsid proteins associated with pathogenic Ad serotypes elicit comparable changes in lacrimal secretory functions, persistent ocular Ad infections may trigger changes in intracellular traffic of secretory products, promoting further ocular surface pathology in susceptible individuals.
Materials and methods
Reagents CCH, rhodamine-phalloidin, mouse anti-a tubulin antibody and goat anti-mouse secondary antibody conjugated to FITC were purchased from Sigma Chemical Co Glued antibodies were from Transduction Laboratories (Lexington, KY, USA). Polyclonal antibody to rab3D was either the gift from Dr James Jamieson (Yale University, New Haven, Connecticut) or was generated in rabbits against recombinant rab3D produced in Escherichia coli (Antibodies, Inc., Davis CA, USA) and purified by chromatography over protein A/G agarose. The Ad5 antibody is a rabbit polyclonal generated against whole Ad5 purchased from Access Bio Medical (San Diego, CA, USA). The sheep polyclonal antibody to pIgAR was the gift from Dr Curtis Okamoto (University of Southern California, Los Angeles, California). Goat anti-rabbit and anti-mouse IRDyet800-conjugated secondary antibodies were purchased from Rockland (Gilbertsville, PA, USA). Goat anti-mouse and anti-rabbit horseradish peroxidase-conjugated secondary antibodies and enhanced chemiluminescence reagents were from Amersham (Arlington Heights, IL, USA). Matrigel and dispase were from Collaborative Biochemicals (Bedford, MA, USA). ProLong antifade mounting media, Alexa Fluor s 350-phalloidin and goat anti-rabbit secondary antibody conjugated to Alexa Fluor s 568 were from Molecular Probes (Eugene, OR, USA). Paraformaldehyde was purchased from Polysciences (Warrington, PA, USA). Cell culture reagents were obtained from Life Technologies. All other chemicals were reagent grade and obtained from standard suppliers.
Cell isolation and culture
Female New Zealand white rabbits weighing between 1.8 and 2.2 kg were obtained from Irish Farms (Norco, CA, USA). Lacrimal gland acinar cells were isolated and cultured for 2-3 days as described previously.
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Generation of Ad vectors
The recombinant Ad-expressing GFP (Ad-GFP) or bgalactosidase (Ad-LacZ) were derived from Ad5 with deletions in E1 and E3 regions. Ad-GFP was constructed using the AdEasy Vector System (generously provided by Dr B Vogelstein, Johns Hopkins University, Baltimore, Maryland). Briefly, the shuttle plasmid, pAdTrack, which contains a CMV-driven GFP marker gene and two arms of homology to the left and right ends of the Ad5 genome flanking a plasmid backbone containing the kanamycin resistance gene, was linearized and coelectroporated into the recombinogenic E. coli BJ5183 strain, along with a large 30 kb supercoiled plasmid, pAdEasy, that contains an adenoviral genome in an ampicillin-resistant plasmid backbone, recreating the replication-deficient Ad genome. The transformants were selected on kanamycin plates, mini-prep DNA from the resistant colonies was screened by restriction digest, and clones showing the correct restriction pattern were retransformed into the more stable DH10 strain to prevent further recombination events. A different shuttle plasmid, pShuttle, was used to generate Ad-expressing b-galactosidase (LacZ) by homologous recombination as described. Ad-LacZ contains an expression cassette including the E. coli b-galactosidase gene with a eukaryotic nuclear translocation signal under the transcriptional control of the CMV promoter.
Virus stocks were produced in 293 cells expressing the E1A and E1B proteins, which support the replication of the E1-defective adenoviral mutants, followed by serial passaging and purification of the harvested virus by cesium chloride ultracentrifugation and dialysis. The titer of the purified viral stocks was determined using plaque assays (PFU/ml). Transduction efficiency in reconstituted lacrimal acini was determined by flow cytometry and fluorescence microscopy (Ad-GFP) or colorimetric production with X-Gal as substrate (AdLacZ). Optimal gene expression was obtained by transducing 2-day acinar cultures at an MOI of 5 for 16-18 h.
UV-inactivated Ad-GFP and Ad-LacZ (UV Ad-GFP and UV Ad-LacZ) were prepared according to established methods. 29, 30 Briefly, purified virus was resuspended in 0.33 mg/ml 8-methoxypsoralen (Sigma Chemical Company, St Louis, MO, USA) and then exposed to a 365 nm UV light source on ice 4 cm from the lamp for 30 min. Virus was removed from excess alkylating agent over Protein Desalting Spin Columns (Pierce, Rockford, IL, USA). Mock-inactivated Ad (no exposure to 8-methoxypsoralen or UV) was processed in parallel and used as a control.
Flow cytometry analysis
Control and Ad-GFP-transduced acinar cells cultured on Matrigel-coated coverslips in 12-well plates were washed with Dulbecco's phosphate-buffered saline (DPBS), treated with Dispase at 371C for 1.5 h, EDTA was added to the mixture and cells collected by centrifugation at 800 rpm for 5 min. The cell pellet was then exposed to a cocktail of collagenase, hyaluronidase and DNAse 21, 22 at 371C for 10 min, cells were again rinsed with DPBS and collected by centrifugation as described above. Cells were resuspended in DPBS, and GFP-positive cells were quantified by a Becton Dickinson FAC-Scant analyzer (Becton Dickinson, Franklin Lakes, NJ, USA) using a 15 mW air-cooled argon laser set at 488 nm and recorded with a 530 nm emission filter in the FL1 emission channel. Green fluorescence was plotted against total fluorescence in the FL2 (red) emission channel. The advantage of this two-dimensional gating method is that even a few GFP-positive cells can be visualized inside the FL1 þ FL2 À gate.
Membrane fractionation
Lacrimal acini were cultured on 150 mm dishes for 2 days, transduced with Ad-LacZ at an MOI of 5 for 16-18 h, and harvested by gentle scraping with a rubber policeman. After washing in cold DPBS, acini were resuspended in 1 ml PMEE buffer (35 mM PIPES, 5 mM MgSO 4 , 1 mM EGTA, 0.5 mM EDTA, pH 7.4) containing protease inhibitors as described. 22 Cells were lysed by 20 passages through a 20-gauge syringe needle followed by 40 passages through a Balch cell press (H&Y Enterprises, Redwood City, CA, USA). The lysate was centrifuged for 10 min at 10 000 rpm in an Eppendorf 5415 C centrifuge at 41C. The supernatant, designated So, was centrifuged at 92 000 g for 30 min at 41C in a Sorvall S120-AT2 rotor. The supernatant fraction, containing the soluble phase, was designated Si. The pellet, containing the membrane phase, was designated Pi. The distribution of proteins of interest was determined by SDS-PAGE and Western blotting utilizing secondary antibodies conjugated to IRDyet800 and quantified using an Odyssey Scanning Infrared Fluorescence Imaging System (Li-Cor, Lincoln, Nebraska). 
Confocal fluorescence microscopy
Control and Ad-transduced lacrimal acinar cells were cultured on Matrigel-coated glass coverslips seeded in 12-well plates. For analysis of the cellular distribution of rab3D in parallel with actin filaments, acini were rinsed with DPBS, then fixed and permeabilized with ethanol at À201C for 10 min before rehydration in DPBS as described. 27 For analysis of the cellular distribution of Ad proteins, a-tubulin or g-adaptin in parallel with actin filaments or for triple labeling experiments, acini were fixed with 4% paraformaldehyde for 15 min and permeabilized in 0.1% Triton X-100 for 10 min as described. 23, 53 Samples were blocked with 1% bovine serum albumin, incubated with appropriate primary and FITC-or Alexa Fluor s 568-conjugated secondary antibodies and Alexa Fluor s 350-or rhodamine-phalloidin. Confocal images from dual-labeled specimens were acquired on a Nikon PCM Confocal System equipped with Argon ion (488 nm) and HeNe (543 nm) lasers attached to a Nikon TE300 Quantum inverted microscope; confocal images from triple-labeled specimens were acquired on a Leica confocal microscope TCS SP2 with AOBS equipped with a violet diode UV (405 nm), argon ion (488 nm) and HeNe (543, 594 and 633 nm) lasers. Images were compiled in Adobe Photoshop 7.0. (Adobe Systems Inc, Mountain View, CA, USA).
Digital image analysis and evaluation of A/D rab3D labeling ratios in multiple planes from z-stacks acquired from acini was as described previously. 54 Serial sections from confocal fluorescence microscopy images of nontransduced and Ad-LacZ-transduced acini of comparable size and thickness labeled to detect actin filaments and rab3D were acquired at equal gain and contrast intensities, pinhole size, image section thickness (0.6 mm) and zoom ( Â 2 zoom magnification, Â 60 objective). Initial gain and contrast levels were established using both samples to ensure that fluorescence levels were not saturated. Seven z-plane sections, per acinus, were acquired, with intervals representing B1-1.5 mm. The first and last sections were discarded to avoid imaging very small surface areas of the acinus (top) and/or stress fibers (bottom). Green fluorescence (rab3D) was quantified utilizing MetaMorph s Image Analysis Software (Universal Imaging Company, West Chester, PA, USA). Total rab3D fluorescence intensity (T) was calculated by measuring the pixel intensity of the entire acinus normalized to the acinus perimeter. Each z-plane image within an acinus contained B2-6 lumena. Individual lumena were identified based on their enrichment in actin filaments. After the lumena were outlined, a region extending B1-2 mm into the cell from the lumena was outlined and the fluorescence intensity associated with rab3D accumulation in this apical region (A) was calculated by normalizing the pixel intensity within that region to its perimeter. The fluorescence intensity of the dispersed rab3D present in the remainder of the cytoplasm (D) was calculated by subtracting (A) from (T) and final A/D rab3D labeling ratios are represented as A/D.
Secretion assays
Secretion assays were based on those described previously. 23, 53 Control, mock Ad-GFP-transduced or UV Ad-GFP-transduced lacrimal acini in Matrigel-coated 24-well plates were incubated in fresh medium for 2 h before the removal of a small aliquot of medium for measurement of initial protein content or b-hexosaminidase activity. After treatment with or without CCH (100 mM, 30 min), a second aliquot of medium was removed for the measurement of final protein content or b-hexosaminidase activity. The amounts of protein or b-hexosaminidase present under each condition were calculated from three replicate wells/treatment in each assay, and values normalized to total cellular protein before comparison across treatments using a paired t-test with Pp0.05. Protein contents were determined on 96-well plates with the Micro BCA Protein Assay (Pierce) with bovine serum albumin as standard, and b-hexosaminidase activity was assessed on 96-well plates using methyumbelliferyl-b-D-glucosaminide as substrate. A Tecan GENios Plus UV/Visible/fluorescence plate reader (Phenix Research Products, Hayward, CA, USA) was used to measure reaction products.
